The last step in the reductase step of the catalytic mechanism of MsrB was re-investigated using several computational approaches. Our previous QM-cluster paper showed that two possible mechanisms could occur, however the direct formation of disulfide from sulfonium cation was favored over sulfenic acid formation. In contrary, experimental studies suggest sulfenic acid formation.
Introduction
In the last two decades, the applications of quantum chemistry have been extended from small molecules to protein and DNA. [1] [2] [3] [4] More specifically, the introduction of density functional theory (DFT) methods as well as the vast growing of computational resources allowed for further applications in biochemistry. 2, 5 Enzymatic reactions are one of the main field were quantum chemistry have been applied successfully providing detailed information for numerous catalytic mechanisms. [6] [7] [8] [9] [10] In order to model these proteins, there are two main approaches: 1,3 1) quantum cluster approach in which the active site is basically extracted from the crystal structure of the substrate analogue bound proteins; the structure is truncated including only models of the catalytic residues; mostly, the quantum model is less than 200 atoms. 2) Quantum mechanics/molecular mechanics (QM/MM) approach in which docking and molecular dynamic (MD) simulations are used to prepare the model; then the MM minimized structure is truncated up to 10-20Å from the active site and partitioned into two layers where the catalytic residues are only included in the quantum layer and the rest of the model is calculated using molecular mechanics force field. Both approaches have been successfully used to investigate several enzymatic mechanisms, [11] [12] [13] [14] however they also have some downsides. 1, 9, 15 Earlier, we investigated in details the catalytic mechanism of Methionine sulfoxide reductase B (MsrB) using a quantum mechanical (QM)-cluster approach. 16 The two previously experimentally proposed mechanisms were considered: (1) release of Met via sulfenic acid intermediate followed by nucleophilic attack of the recycling cysteine thiolate at sulfenic acid (-SOH) sulfur forming disulfide,
(2) direct attack of the recycling cysteine thiolate at the sulfonium catalytic sulfur. Both mechanisms were found to be feasible! However, the direct sulfur attack was found to be energetically more favorable. More interestingly, it occurs via low barrier transition state of 23.8 kJ mol -1 which is almost half the barrier for sulfenic acid formation, 54.6 kJ mol -1 . However, this energy difference is still small compared to computational error raising an important question, as it is unclear if this difference is an artifact of the employed computational method or model. It is also important to mention that, there was a debate with experimentalists as they accept that a sulfenic acid intermediate would occur in the mechanism. 17, 18 MsrB is subclasses of ubiquitous group of enzymes that play crucial roles in cellular protection mechanism against oxidative stress, Methionine sulfoxide reductase (Msr's), via reducing methionine sulfoxide (MetSO) back into methionine. 19, 20 MsrA, another subclass of the same group of enzymes, and MsrB are stereospecific to MetSO S-and R-epimers, respectively. 21 Initially, the same reduction mechanism was proposed for both subclasses in which sulfenic acid was proposed to occur as a precursor intermediate to disulfide bond formation. 22, 23 In contrast, a direct sulfur attack on sulfonium cation intermediate mechanism was also suggested. 24 More importantly, sulfenic acid intermediate was only detected in wild type of MsrA. 25 However for MsrB, it was only detected upon mutating the second Cys. 26 Sulfenic acid is a fundamental key intermediate involved in redox chemistry of proteins. 27,28 Its role in biochemistry diverge from signal transduction, non-enzymatic protein folding, protection against ROS and modulating gene transcription. [29] [30] [31] [32] [33] [34] It occurs either via direct oxidation of Cys by ROS, peroxynitirite and hypochlorous acid or indirectly during several enzymes catalytic reactions and xenobiotic metabolism. 27, 29, [35] [36] [37] Furthermore, it has been also proposed to occur as an essential precursor intermediate for disulfide bond formation in several enzymes. 25, 31, [38] [39] [40] Since sulfenic acid has both nucleophilic and electrophilic characters, it is highly reactive and unstable species. 27,28 Therefore, once formed several fate reactions have been proposed to occur, such as overoxidation to sulfinic and sulfonic acids. 29, 41 Both reactions considered to be irreversible as their reduction require a very low pH. 29 Furthermore, sulfiredoxin (Srx) is the only enzyme that has been shown to reduce sulfinic acid in Prx. 42 In contrast, several reversible protection mechanisms have also been also proposed. For instance, Nakamura et al. suggested the formation of a hypervalent sulfur intermediate in archaeal peroxiredoxin via forming S-N covalent bond between -SOH and neighboring His. 43 Likewise, it is protected in PTPs and OhrR via formation of sulfenyl-amide intermediate by forming a covalent bond with backbone nitrogen of the adjacent residue. 44, 45 More importantly, it could be stabilized and recycled via S-thiolation forming a mixed disulfide bond with Trx, Grx and GSH or using an intramolecular Cys as in Msr's. 46, 47 Lately, we also investigated the formation and reduction mechanisms of sulfenic acid during the reduction mechanism of MetSO via MsrA in which sulfenic acid was found to form through a concerted TS via a low barrier of 30.7 kJ mol -1 . Furthermore, the reduction to disulfide was found to occur via several low barrier steps suggesting spontaneous reduction via an SN2 mechanism upon the activation of second Cys and rotation of sulfenic acid to be in a proper position for nucleophilic attack explaining its high reactivity. In MsrA, no direct sulfur attack mechanism was obtained due to the large distance between the two sulfurs. More importantly, the Cµ … Cµ distance of the two cysteine was found to be around 11Å in most MsrA crystal structures. 48 In contrast, in the MsrB crystal structure of N.gonorrhoeae pilB (PDB: 1L1D, 49 the one used in our previous DFT study), the distance between the two sulfurs is 3.29 Å. More importantly, the Cµ … Cµ distance is around 7.41 Å. Similar distances were also occur in other crystal structures such as in streptococcus pneumonia (PDB: 3E0M) and Neisseria meningitidis PilB (PDB: 3HCG) with a Cµ … Cµ distance of 8.29 Å and 8.47 Å, respectively. 50, 51 Earlier, Ranaivoson et al. suggested the presence of high degree of flexibility in the MsrB's second Cys containing loop, β2-β3. 51 Since a distance of 13 Å were found to occur between the two Cµ in X. campestris (PDB: 3HCI). 51 This implies the need for conformational change prior to disulfide bond formation. More importantly, Trp65 lies in between the two Cys preventing the formation of disulfide bond. However, kinetically, these expected drastic conformational changes did not change the rate-limiting step. Furthermore, the Cµ … Cµ distance in the NMR structure of Bacillus subtilis MsrB (PDB: 2KZN) is found to be 9.25 Å as well the distance between the two sulfurs is 7.46 Å. 52 Hence, all solved crystal structures of MsrB suggest the high flexibility in the free, complex-like and sulfenic acid forms. However, the driving force for these changes are still unclear.
In this study, we reinvestigate the last step of the reductase step in MsrB via studying the effect of method selection, functional and basis sets on the catalytic mechanism. Further, we also investigate the effect of model preparation comparing quantum cluster approach to QM/MM. Furthermore, several MD studies have been used to understand the driving force for any of the suggested pathways. More importantly, investigating a series of conformational changes in the active site along the catalytic mechanism.
Computational Methods

DFT Calculations
All calculations were performed using Gaussian 09 suite of program. 53 The hybrid density functional theory method B3LYP; a combination of Becke's three parameter exchange functional and Lee, Yang and Parr's correlation, [54] [55] [56] was used. Two basis sets including 6-31G(d) 5d, 6-31G(d,p) 5d were chosen for structures optimization. In addition, the HM-GGA M06-2X functional 57 was also used in accordance with the 6-31G (d) 5d basis set. Relative energies were obtained via single point energy calculations on the optimized structures using the 6-311G(d,p) 5d and the 6-311+G(2df,p) 5d basis sets. Frequency calculations were only used to characterize the optimized structures as minima or transition structures
The same active site model as in our previous study, 16 extracted from the MsrB crystal structure of N.gonorrhoeae pilB (PDB: 1L1D) 49 , was chosen to test the effect of functional and basis set choice. This model as previously described includes main active site residues. 16 
QM/MM Models
All QM/MM calculations were performed using Gaussian 09 suite of program using the ONIOM formalism. 53,58 Truhlar's HDFT M06-2x was chosen for the QM layer calculations for better description of the hydrophobic interactions between the substrate and Trp442. 57 Furthermore, the AMBER96 force field was used for the MM layer as implemented in Gaussian. 59 The 6-31G(d) 5d basis set was chosen for structures optimization. However relative energies were obtained via single point energy calculations on the optimized structures at the ONIOM (M062X/6-311+G(2df,p):AMBER96) using the electronic embedding formalism to account for the polarization of the environment. One monomer of the same MsrB crystal structure of N.gonorrhoeae pilB (PDB: 1L1D) 49 was used to generate QM/MM models, in order to test the effect of model selection. Furthermore, two QM/MM models were used during calculations.
To mimic our previous DFT model we used the same crystal structure without running molecular dynamic simulations to keep the same starting distance between the two sulfur atoms. We isolated one of the monomers that include a cacodylate molecule in the active site. Then, the cacodylate was manually modified into Met. Likewise, two seleno-methionine 509 and 464 were mutated back to Met.
A PFROSST force field was used to parameterize and optimize the overall structure as implemented in MOE suite of program. Then, the QM/MM model was built using the whole monomer. No atoms were kept fixed during the calculations. A large QM model around the second Cys was chosen including Asp437, Ser438, Ala439, Cys440, Ala441, Trp442, Pro443, Ser444, Arg493, Asp412, Cys495 , 3 water molecules and the substrate Met. In the QM/MM starting structure a bond was formed between Cys495 sulfur and the substrate forming a sulfonium cation intermediate as our starting structure.
The second QM/MM model was built using the same monomer but after minimizing and running an MD simulation for the sulfonium cation for 5 ns, simulation details are explained in details in the following MD section. First, similar to previous model the cacodylate and MSE were mutated to Met.
Then the catalytic Cys sulfur was bonded to the substrate sulfur forming a sulfonium cation intermediate. Afterwards, the whole system was solvated via adding 3434 water molecule to the system. Next, the system was minimized using the PFROSST force field until the root mean square gradient of the total energy become less than 0.1 Kcal mol -1 Å -1 . Subsequently, we performed a 5 ns simulation after performing a 100 ps equilibration step. The distance between the two sulfur of the catalytic and the second Cys, was used to cluster the resultant structures into 5 Clusters. Then an average structure was obtained from the highest populated cluster. Similar to previous QM/MM model, a large model around the second Cys including the same residues and 4 water molecules. Likewise, the whole monomer was used with no fixed atoms. 
Molecular Dynamics Simulations
The MOE suite of program was used to prepare, minimize and analyze all structures. However, the NAMD program was used to run the MD simulations. An all atom force field PFROSST were used to parameterize all structures. It uses AMBER10 for macromolecules and for small molecules it uses parm@forsst parameters and AM1-BCC for charges. Four different stages in the catalytic mechanism were considered for simulations including the substrate free active site, the Michaelis complex with methionine sulfoxide, the sulfonium cation intermediate and sulfenic acid intermediate. All investigated structures were manually generated via modifying the MsrB N.gonorrhoeae pilB (PDB: 1L1D) crystal structure. Prior to simulations, all residues were solvated using the whole monomer as solute adding a layer of water up to 6 Å from the residues. The S-O bond in sulfenic acid were restrained to previous DFT measured value. Solvated structures were minimized using PFROSST force field until the total energies become less than 0.1 Kcal mol -1 Å -1 . Next, 500 ps simulating annealing simulations with time step of 2 fs were performed on the minimized structures allowing for thermal relaxation. All simulations were done under constant pressure however the temp varied during the annealing process. Starting by heating the system form 150° to 300° for 25ps followed by an equilibration step for another 25 ps. Then, it was heated again from 300° to 400° for 25 ps followed by a longer time equilibration step for 350 ps. Afterwards, it allowed to cool down to 300° for 25ps followed by a final equilibration for 50 ps. Subsequently, a production run for 15.5 ns, with time step of 2 fs were performed at constant temp (300°), in the case of wild, Michaelis complex, sulfonium cation and sulfenic acid intermediates. Generated trajectories were then analyzed. Three main criteria were used to analyse the generated structures, the change in the Cµ … Cµ distance of the catalytic and second Cys as well the change in the S … S distance. Furthermore, the RMSD of the active site QM residues were also obtained. Then, generated structures were clustered into five clusters in which the average structure was further investigated. The first 1.5 ns of the simulations were excluded from our analysis as it considered as equilibration period.
Results and Discussions
QM-cluster Approach
In order to determine the effect of the level theory on the energy difference between the two pathways, sulfenic acid and direct disulfide formation, several combinations of functionals and basis sets have been used, see Figure 2 and 3. Relative energies were compared at optimization level as well as single points calculations in gas phase. It is important to mention that all following discussed optimized TSs are enzymatically feasible. In our previous study, optimized structures were obtained at quite small basis set using the B3LYP/3-21G* 5d level of theory and the direct disulfide bond formation, before corrections, was slightly favoured by 2.0 kJ mol -1 . However this difference was significantly changed upon using a larger single point calculations at the B3LYP/6-311G(d,p) level of theory to 55.0 kJ mol -1 . Upon adding solvation and dispersion corrections, this difference was reduced to 30.2 kJ mol -1 . Therefore, we investigated the effect of using a larger basis set for optimization using polarization functions as well as adding f and diffuse function in the single points calculations. Using the same model as in our previous paper, we optimized the two pathways starting from 3Large, the sulfonium cation intermediate, using B3LYP/6-31G (d) level of theory. Surprisingly, the energy difference between the two TSs increased to 60.5 kJ mol -1 which is in agreement with our previous single point results emphasizing that a direct sulfur attack on the sulfonium sulfur is more favourable than forming sulfenic acid intermediate. This difference was slightly decreased upon adding p functions to the hydrogen atoms, 56.8 kJ mol -1 .
Single points on previous optimized structure using the same level of theory as in previous paper B3LYP/6-311G(d,p) have not changed the difference between the barriers, 60.5 and 55.2 kJ mol -1 for the B3lYP/6-31G(d) and B3lYP/6-31G(d,p), respectively. However, using a larger level of theory B3LYP/6-311+G (2df,p) adding f and diffuse functions slightly decreased the difference to 53.0 and 48.7 kJ mol -1 . These differences is still in agreement with our previous results at the B3LYP/6-311G(d,p)//B3LYP/3-21G*. Therefore, our new results with larger basis sets emphasized our previous conclusion in which the direct formation of disulfide bond is favoured over sulfenic acid formation.
Since all previous results were obtained using the hybrid DFT B3LYP functional, we also considered using different functional to test if this difference is an artefact of the chosen method.
Therefore, we also investigated the two pathways using meta hybrid DFT functional M062X. From previous calculations, the 6-31G(d) seems to be a reasonable basis set, so it has been employed. The energy difference between the two pathways at optimization level (M062X/6-31G(d)) gave a similar 
QM/MM Results
Since basis sets and functional change confirmed previous conclusions, we also considered investigating the effect of model choice. Therefore, we used a QM/MM model as described in the method section to explore both pathways starting from the sulfonium intermediate structure. A large QM layer around the recycling Cys440 has been chosen. In all our previous models we considered anionic recycling cysteine, however a neutral cysteine might affect the proposed mechanism. It is worth mentioning that, the pKa of the recycling cysteine has been experimentally suggested to be higher than 9. 60 Therefore, we attempted to calculate the proton affinity of Cys440. However, such calculations could not be obtained as in all our anionic models the optimization leads to the formation of the disulfide bond emphasizing that a direct nucleophilic attack on Cys495 sulfur forming a disulfide bond upon activation of Cys440 without an energy barrier.
The optimized reactive complex of the neutral model shows that, the hydrogen of Cys440 is hydrogen bonded to Asp412 and Asp437 via several water molecules suggesting a new role for either of the aspartate residues to activate Cys440. It also shows that W1 (Figure 4 ) could act as a base as it has very strong hydrogen bonds with Ser438, NH backbone of Asp437 and W2 with distances of 1.68 Å, 1.99 Å and 1.51 Å, respectively. In addition it has a weaker hydrogen bonds to Ser444 and the backbone carbonyl of Pro443 with distances of 2.13 Å and 2.60 Å, respectively. Interestingly, we found that the activation of catalytic Cys495 occurs via a low barrier, 19.2 kJ mol -1 , concerted TS in which proton shuttle from Cys440 to Asp412 via two water molecules. The TS structure (Figure 4) show that, a proton is shared between W1 and W2 with distances of 1. The sulfenic acid pathway is also investigated, however to activate a water molecule to attack the sulfonium sulfur the Cys440 needs to be activated first and as noted before once Cys440 is activated it forms the disulfide bond. Therefore, we investigated a concomitant activation of Cys440 and the sulfenic acid water, however no such TS was found to occur. Furthermore, the closest water is not in a proper location to attack; as including the whole monomers limited the ability of having that water in a proper position. These results actually question the validity of the QM cluster approach in which the surrounding of the active site are not included allowing for water addition in several position, which might not be realistic as in this case. In addition the nature of the TS differs based on chosen computational approach, QM-cluster or QM/MM, as in the former one the TS represent the S … S … S bonds formation and dissociation however, the QM/MM study show that this TS would occur spontaneously upon Cys440 activation.
All previous results emphasize our original proposed mechanism were the direct disulfide bond formation is more favoured. As previously described we tested the choice of basis set, the functional and the computational approach, however all these result are based on the original crystal structure of MsrB in which the distance is 3.29 Å. Therefore, the obtained PES might be an artifact of the short distance between the two sulfurs in the crystal structure. Specially as discussed in the introduction that the recycling Cys440 is located in a flexible loop and the S … S distance in the only solved NMR structure is over 7Å. Furthermore, in several species this distance has been found to be longer. Therefore, we ran an MD simulation on the sulfonium cation intermediate for 5ns and the generated structures were clustered and an average structure was obtained from the highest populated cluster. Interestingly, the S … S distance was elongated during the simulation to approximately 5Å. Similar to previous QM/MM the whole monomer was used and no atoms were kept fixed allowing for full relaxation of the system.
The optimized structure of the average structure of the sulfonium cation shows that ( Figure 5 ), the S … S distance is 4.88 Å. More importantly, a water molecule is now located below the Cys495 sulfur and the SCys495 … OW1 distance is 2.44 Å. In turn, the W1 proton is hydrogen bonded to the SCys495 sulfur with a distance of 2.29 Å. Furthermore, It also has several hydrogen bonds with carbonyl of Pro443 and W3 (to Arg493) with distances of 1.78 Å and 1.72 Å, respectively. The Cys440-H is strongly hydrogen bonded to W2 with a distance of 1.43Å, which in turn strongly polarized by two hydrogen bonds with Asp412 and Asp437 via a distance of 1.48Å and 1.66Å, respectively. This hydrogen bonding network emphasis our previous proposed mechanism in our previous MsrB and MsrA studies in which the recycling cysteine activates a water molecule forming sulfenic acid (Cys440 activates W1, in MsrB).
Interestingly, this step was found to occur via a low barrier of 16.7 kJ mol -1 . In this TS ( Figure 5 These results raise many questions about the quantum cluster approach especially in dealing with proteins containing flexible loops showing that misleading results might be obtained upon using models based on crystal structures without proper preparation. It also emphasizes the importance of the starting structure in determining enzymatic mechanisms. Such proper preparation is missing in the Quantum cluster approach as the models are commonly based on the crystal structure with the substrate analogue.
Our QM/MM MD based calculations showed that a sulfenic acid intermediate is formed in the MsrB catalytic mechanism which is contradicting our DFT cluster approach as well as QM/MM crystal structure based calculations.
Molecular Dynamics Simulations Results
In order to confirm previous results and to understand why the S … S distance is different from crystal structure, we ran a series of MD simulations for several complexes starting from Apoenzyme to Michaelis complex, sulfonium and sulfenic acid, as described in the method section. We first examined the distance between the two Cys before substrate binding in wild type apoenzyme. A 16 ns MD simulation was enough to reach equilibrium as can be seen from the RMSD of the QM layer ( Figure 6 ).
The rmsd of the apoenzyme-generated structures fluctuate between approximately 0.75 Å and 1.5 Å indicating the stability of the system. This higher fluctuation range was investigated and found to be because that the recycling cysteine is located in a high flexible turn as previously suggested.
The main criterion in analyzing these simulations is the distance between the Cα's of Cys440 and Cys495. As can be seen in Figure 7 , this distance fluctuate approximately between 7.0 Å and 9.5 Å with few exceptions where the distance increased near to 11.0 Å, as will be seen in the following discussion.
Further, the mean distance is 8.36 Å with a maximum distance of 11.27 Å and minimum distance of 6.76 Å. Furthermore, all generated structures were clustered into five clusters and the average structure for each were determined. The highest populated cluster represents approximately 60% of the simulation in which the distance in the average structure is 8.36 Å, which is agreement with the crystal structure, ≈7.40 Å. Furthermore, the highest and lowest distance in this cluster are 8.88 Å and 7.83 Å, respectively. The second populated cluster represents approximately 20% of the simulation. The Cα distance significantly decreased in the average structure to 7.31 Å. In contrast, the distance in the 3 rd populated cluster average structure has increased to 9.4 Å. All three clusters represent more than 95 % of the simulation. Structures with a distance between 9.93 Å and 11.27 Å in the 4 th cluster represented less than 2.5 %. It is also worth to mention that the average S … S distance is 5.79 Å with a maximum distance of 11.08 and minimum distance of 3.08 Å. All these results show that the formation of disulfide bond is feasible with no need for conformational changes in the active site and the average distance is in agreement with crystal structure. Since the Apoenzyme simulation shows a similar close distance, we also investigated the effect of the substrate binding. As shown in Figure 6 , the rmsd of the QM layer are equilibrated with a fluctuation after the first 3 ns between approximately 1.0 Å and 1.4 Å. Similarly, the distance between the two Cys Cα fluctuate between 10-12 Å with a mean distance 11.12 which is significantly higher than in the apoenzyme with a huge minimum distance of 9.39 Å and a maximum distance of 12.83 Å. As before, the generated structures were clustered into five clusters, which have been further analyzed. The most populated cluster represents approximately 59% of the simulation with a maximum and minimum distances of 11.45 Å and 10.79 Å, respectively. It is important to mention a distance more than 11 Å does not allow for disulfide bond formation. More importantly, the average structure of this cluster has 11.12 Å distance between the Cα of the two cysteine. Furthermore, the second and third most populated clusters have a similar population of 19.5% with an average distance of 11.77 Å and 10.46 Å, respectively. All three clusters constitute more than 97% of the simulation. Furthermore, the mean distance between the two sulfurs has significantly increased to 6.93 Å with a minimum of 4.72 Å and a maximum of 9.31 Å. Therefore, it's obvious that substrate binding leads to active site conformational changes. In fact Cys440 is located on the same loop as Trp442, which also changes its position upon substrate binding. The strong hydrophobic interaction between the substrate and Trp442 is very important for substrate binding and catalysis as have been examined experimentally. This suggest that, as can be seen in Figure 8 , the substrate binding enforce Trp442 conformational change which in turn affects the conformation of the whole turn including Cys440 extending the distance between the two sulfurs. this actually an artifact of the turn flexibility and the sulfonium cation. It's important to mention that the positive sulfur of the sulfonium cation was not properly parameterized was the current force field, however its partial charges was correct, which might be a reason for this fluctuation. However, the current results are in agreement with the former one, as the distance of the Cα is equilibrated and fluctuate between 9.5 Å and 11.5 Å with a mean of 10.14 Å with a minimum of 8.24 Å and a maximum of 11.15 Å. This range is still significantly large compared to the apoenzyme simulation. Furthermore, the distance in the average structures of the three highest populated, 96%of the simulation, clusters are 10.14 Å, 9.48 Å and 10.80 Å, respectively. Furthermore, the mean distance between the two sulfurs is 5.80 Å with a minimum of 3.88 Å and a maximum of 8.49 Å. These results of the longer simulation confirm our QM/MM MD based results were the S … S distance are larger than the crystal structure allowing for formation of sulfenic acid intermediate in the mechanism as experimentally suggested.
Although earlier results explain the effect of substrate binding on the mechanism and its effect on the proceeding pathway, however there is still a question to be answered, which is how the disulfide bond is formed. Therefore we ran another 16ns MD simulation on the sulfenic acid structure investigating the effect of substrate removal; starting with a large S … S distance using the average structure of the 5ns sulfonium simulation. As shown in Figure 6 , the RMSD of the QM layer is equilibrated fluctuating between 0.4 Å and 1.0 Å. This emphasized from the distance between the two Cα of the two cysteine which fluctuate approximately between 8.5 Å and 10.5 Å with a mean distance of 9.48 Å with a minimum of 7.63 Å and maximum of 11.19 Å. Furthermore, the highest populated cluster represents 59% of the simulation with an average structure distance of 9.48Å which would allow for a direct disulfide formation with no need to any conformational changes. Similarly, the distance in the average structure of the second and third most populated cluster is 8.89 Å and 10.08 Å, respectively. All three clusters represent more than 97.5% of the simulation showing that upon substrate removal the Trp442 and Cys440 turn would move back toward its original conformation as in the wild type simulation and crystal structure.
Comparing all previous simulation results show that, before substrate binding the distance between the Cα of Cys440 and Cys495 in the average structure is 8.36 Å which then is elongated upon substrate binding to 11.12 Å showing that substrate induce conformational changes in the active site specially via its hydrophobic interaction with Trp442 which is located on the same turn as Cys440. These results were confirmed by the 10.14 Å distance in the average structure of the sulfonium cation allowing for sulfenic acid formation as have been shown in the previous QM/MM section. Finally, upon formation of sulfenic the substrate leaves the active site allowing for a shorter interaction distance, 9.48 Å, between the two Cys allowing for disulfide bond formation with no need for any conformational changes.
Our results emphasize the importance of starting structure preparation as well as question the applicability of QM cluster approach to system with flexible turns showing that misleading results might be obtained. Our previous QM-cluster study on MsrB showed that both mechanisms are energetically feasible however the direct disulfide bond formation is favorable. In contrast, in this study, running several MD simulations as well as investigating the effect of substrate binding in the active site showed that a sulfenic acid intermediate would occur in the mechanism.
Conclusions
In this study several computational approaches, QM cluster, QM/MM and MD simulations, have been employed comprehensively to reinvestigate that last step in the reductase step of the catalytic mechanism of MsrB. First, we investigated the effect of level of theory by utilizing several basis sets for optimization and single point calculations. Increasing the basis set size confirmed our previous conclusion in which the direct disulfide bond formation is favorable over sulfenic intermediate formation. Furthermore, the HMGGA M062x was also used to examine the effect of functional on previous conclusion, however M062x emphasized previous conclusion. In addition, we also investigated the effect of model choice using QM/MM (ONIOM) approach including a large QM layer around Cys440. The QM/MM model was directly extracted from the crystal structure. Interestingly, deprotonating the second Cys440 leads to direct nucleophilic attack on Cys495 sulfur forming disulfide.
Therefore we considered using a neutral cysteine in our model. Using neutral cysteine changed the nature of the optimized TS as it is now represent the activation of Cys440 leads to direct formation of disulfide emphasizing previous results.
In order to eliminate the possibility that all previous results are an artifact of the used same crystal structure in which the S…S distance is 3.29 Å, we investigated the effect of the starting distance by running a 5 ns MD simulation on the sulfonium cation intermediate. Surprisingly, the MD simulation results shows that the distance between the two sulfur is significantly increased to 4.88 Å. More importantly a water molecule is located in a proper position for attack forming sulfenic acid intermediate. To investigate the mechanism from the average structure of the MD simulation, we run QM/MM using a similar QM layer as in previous calculations. Surprisingly, the an anionic Cys440 leads to direct formation of sulfenic acid intermediate. We also found the activation of Cys440 occurs via a low barrier of 16.7 kJ mol -1 proposing a catalytic role for Asp412.
Since Our MD results shows different distance from the crystal structure, we considered running long MD simulations for 16ns using several models representing active site changes during the catalytic mechanism. MD results show that, before substrate binding the distance between the Cα of Cys440 and Cys495 in the average structure is 8.36 Å which then is elongated upon substrate binding to 11.12 Å showing that substrate induce conformational changes in the active site, especially via its hydrophobic interaction with Trp442 which is located on the same turn as Cys440. These results were confirmed by the 10.14 Å distance in the average structure of the sulfonium cation allowing for sulfenic acid formation as have been shown in the previous QM/MM section. Finally, upon formation of sulfenic the substrate leaves the active site allowing for a shorter interaction distance, 9.48 Å, between the two Cys allowing for disulfide
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